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 第 1 章では、本研究の背景、従来の研究、本研究の目的と論文構成について
述べた。 









特に、電流密度が 2.0 mA/mm2の条件では、ニッケル含有量が 34mass%となり、
インバー合金に近い化学組成をもった鉄－ニッケル合金が得られた。 






 第 4 章では、非インバー合金層／インバー合金層の順に 3 層～33 層まで交互
に積層させた多層ナノ結晶鉄－ニッケル合金の引張特性を評価した。インバー
合金層一層あたりの厚さが 3.2 μm になるまでは、積層数の増加、すなわち積層
厚さの低下に伴って最大引張強さが増加することを明らかにした。インバー合















Multilayered structure control for obtaining nanocrystalline iron – nickel alloy 






Nanocrystalline metals and alloys have been expected to be applied as structural 
materials for micro electro mechanical systems (MEMS), because of their superior 
strength. Although the MEMS structural materials are required homogeneous 
microstructure, high strength, high toughness and many functions, the nanocrystalline 
metals and alloys are generally brittle and difficult to give many functions. It is well 
known that iron – nickel alloys have many superior functions, such as low thermal 
expansion coefficient and high permeability as well as their high strength. This thesis 
was carried out to establish a nanocrystallization process and multilayering process of 
the iron – nickel alloys with different chemical compositions. Moreover, the purpose of 
this thesis is to obtain a guideline of design and control of the multilayered structure of 
iron – nickel alloys. This thesis consists of six chapters as follows. 
In chapter 1, the background, the related prior researches, the objectives and the 
contents of this thesis are shown. 
In chapter 2, the process of controlling the grain size and the chemical composition of 
the iron-nickel alloy by the electrodeposition was experimentally investigated. As a 
result of electrodeposition by systematically changing the current density, the average 
grain size decreased with increasing current density. The nanocrystalline alloy specimen 
with the finest average grain size of 20 nm was obtained by the highest current density 
condition of 3.0 mA/mm2. In the range of current density of less than 2.0 mA/mm2, an 
iron-nickel alloy having an iron solid solution as a main phase can be obtained, whereas 
in a range of current density of more than 3.0 mA/mm2, a nickel solid solution occurred 
as a main phase. In particular, iron-nickel alloy having a chemical composition close to 
that of the Invar alloy layer was obtained under the condition of a current density of 2.0 
mA/mm2. 
In chapter 3, the multilayering process of nanocrystalline iron – nickel alloys 
possessing different chemical compositions and lattice structure, namely Invar and 
non-Invar alloys, was established by alternately switching the conditions of the current 
density in which each alloy layer is preferentially deposited. The electrodeposition rate 
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of both layers was quantitatively evaluated, and a multilayering process of 
nanocrystalline alloy was obtained in which the thickness ratio of both layers and the 
number of layers were controlled. 
In chapter 4, the tensile property in the multilayered nanocrystalline iron – nickel 
alloys with layer number of 3 – 33 layers was investigated. The tensile strength of the 
multilayered nanocrystalline Fe–Ni alloy increased with the decrease in the Invar alloy 
layer thickness ranging from 3.2 to 11.0 µm. The tensile strength decreased when the 
Invar alloy layer thickness further decreased to less than 2.6 µm. The elongation in the 
multilayered nanocrystalline Fe–Ni alloy decreased with the decrease in the Invar alloy 
layer thickness ranging from 3.2 to 11.0 µm. The elongation was increased with the 
decrease in the Invar alloy layer thickness ranging from 2.6 to 1.5 µm. Specimens 
showing a high tensile strength of approximately 2 GPa and high elongation of 
approximately 15 % can be produced through multilayering by optimizing the thickness 
of the Invar, non-Invar, and gradient alloy layers. 
In chapter 5, a new strengthening mechanism in multilayered nanocrystalline alloy 
was proposed from the chemical composition distribution and hardness distribution near 
the interphase boundary between the Invar and non-Invar alloy layers. The gradient 
layers in which chemical composition and lattice structure gradually changed were 
formed between the interphase between the Invar and non-Invar alloy layers. The 
multilayered nanocrystalline alloy can be strengthened by constraint of deformation at 
the gradient layers. 
In chapter 6, the findings in this study were summarized and the prospects and the 










































数の増加に伴って最大引張強さが約 2.4 GPa と極めて高い値にまで増加するこ
とを明らかにしている。さらにインバー合金層の厚さが減少すると引張強さは
減少したが、伸びは大きく増加することを示している。各層の積層厚さを最適
化することにより、約 2GPa の極めて高い引張強さと 15%もの変形が可能な多層
ナノ結晶鉄－ニッケル合金を得た。 














 本学位申請論文に対し、情報・生産工学専攻による令和 2 年 11 月 12 日の予
備審査、令和 2 年 12 月 25 日の審査委員会による本審査（最終審査）を経て、
令和 3 年 2 月 13 日に公聴会を実施し、十分審議され、かつ検討された。 
 公聴会終了後に審査委員会を開催して審議した結果、本論文は独創性に富み、
学術的に価値があり、工学の面から見て十分に有用性があると認められた。 
よって、本論文は博士（工学）の学位論文として十分な価値を有するものと
認められ、審査委員会全員一致で合格と判断した。 
